projections is likely still useful. However, UCRB hydrologic projections based on CMIP5 output suggest that a re-evaluation of future impacts on water resources is warranted.
INTRODUCTION
The question of whether anticipated climatic changes will lead to an increase or decrease in available water resources is particularly important in rapidly developing, economically important regions with arid or semi-arid climates. Consequently, many studies have assessed the potential impacts of climatic changes on water resources throughout the world Klos et al. ). Furthermore, it is thought that these climatic changes will increase the frequency, duration, and intensity of extreme hydrologic events, including floods and droughts (Stewart et al. ) , which carry high societal and economic costs (Dettinger et al. ; Das et al. ) .
Thus, an improved understanding of the future hydroclimatic patterns is critical for water resources and economic planning in such arid and semi-arid environments.
In the WUS, hydro-climatological studies have concen- The CMIP3 multi-model data set (Meehl et al. ) has allowed researchers to use output from multiple general circulation models (GCMs) for regional-to global-scale climate-change impact assessments. New-generation CMIP5 (Taylor et al. ) climate model projections include a more complete representation of some physical processes and, for some models, a finer spatial resolution compared to CMIP3 (Knutti & Sedlacek ) . For the CMIP5 projections, future atmospheric greenhouse gas concentrations are projected differently than for CMIP3, following representative concentration pathways (RCPs) rather than emission scenarios (A2, B1, etc.) (Moss et al. ) . To date, no systematic comparison of how the new CMIP5 data set adjusts or confirms our expectation of CMIP3-based hydrology has been undertaken for the WUS. A regional-to continental-scale analysis of the differences could aid researchers and natural-resource managers in evaluating whether the need exists to re-evaluate results obtained in the many impact studies undertaken so far.
Our objective, then, is to assess the differences between CMIP3 and CMIP5 GCMs on hydrology at the sub-continental scale. Specifically, we examine streamflow volumes, timing, and snowmelt volumes for the runoff-generating, mountainous regions of the WUS (the UCRB, CRB, and SN; Figure 1 ). For comparison, we use output from seven GCMs for CMIP3 and the next-generation versions of those GCMs produced by the same modeling groups for CMIP5 (Table 1) . This selection aims to include a sufficient number of GCMs to capture some level of uncertainty in the and RCP 8.5 emission pathways (Moss et al. ) . Owing to these differences it is difficult to attribute differences in hydrology to any specific cause. To limit this, we chose
GCMs from the same modeling groups, as described below. The objectives and results from this study are solely to assess how these CMIP3 and CMIP5 differences (whether it be from the physics or emission pathways) result in differences in hydrology. While this study is regional in nature, we expect the results to be of interest to researchers and waterresource managers wishing to pursue how changes in climate projections may result in changes in hydrology, especially in snowmelt-dominated regions.
STUDY AREA, MATERIALS AND METHODS

Study area
The water-generating snowmelt-dominated regions in the WUS that are considered here are the higher-elevation watersheds of the UCRB, CRB, and the SN (Figure 1 ). BCCA downscaled precipitation projections for the study area exhibited a bias towards dry conditions for the historic period when compared to the observations. To correct this bias, a ratio-scaling factor was uniformly applied to a given projection's data over a given 1/8 degree cell location. We computed the historical bias as a period-ratio 
Statistical analyses
The impact of potential climate change on unimpaired streamflow and hydrologic components was evaluated by comparing simulations using the GCMs in Table 1 Tables 2 and 3 ).
The two-sample Kolmogorov-Smirnov test was used to test for significant differences between the historical and future time periods as well as between the CMIP3 and CMIP5 data sets for annual precipitation, annual mean temperature, annual streamflow, annual snowmelt, monthly maximum streamflow timing (month of highest streamflow discharge), and monthly maximum streamflow volume (amount of water during the month of highest streamflow). The tests were applied with a statistical significance of P ¼ 0.05. Although the daily downscaled GCM sample size is necessarily small, the statistical tests are much more stringent for rejection of 
RESULTS AND DISCUSSION
Air temperature and precipitation
In concurrence with prior studies ( Table 3 ). The difference in CMIP3 versus CMIP5 precipitation projections was largest in the UCRB for both the mid and late 21st century scenarios and is statistically significant (Figure 4 ) (14.2% and 15.1%, respectively). The divergence of CMIP5 projections from CMIP3 projections was smallest for the CRB, with values of 3.0% (CMIP5 wetter; statistically significant) for the mid 21st century scenario and À3.7% (CMIP5 drier; statistically significant) for the late 21st century scenario with large standard deviations (Figure 4 ). For the SN, CMIP5 projections were higher than CMIP3 projections by 8.5% and 6.3%, for the mid (statistically significant) and late 21st (statistically significant) centuries, respectively, and also characterized by high standard deviations. For all basins combined, the average difference in precipitation projections between CMIP5 and CMIP3 was 6.4% for the mid 21st century and 2.0% for the late 21st century, both of which were statistically significant.
Streamflow
The interplay of projected future temperatures and precipitation results in many similarities and important spatial and temporal differences in projected streamflow between CMIP3 and CMIP5 across the WUS. After calibration and validation (Tables 4 and 5) , the hydrologic models were driven with the downscaled and bias-corrected CMIP3 and CMIP5 daily output, and aggregated to monthly values for analysis. Model results showed that the greatest differences in streamflow within the WUS are expected for the important UCRB region, where ensemble-averaged streamflow based on CMIP3 indicate decreases of 3% for the mid 21st century and 8% for the late 21st century as compared to historical averages (Table 6) CMIP5 as compared to CMIP3, but also a significant increase in average annual streamflow (Table 6 ).
Differences in annual streamflow under CMIP5 and CMIP3 were less substantial for the CRB and the SN. In the CRB, increases in streamflow compared to the historical time period were found under both CMIP3 and CMIP5.
Although, for individual GCMs average annual streamflow increases of 16-28% for mid and late 21st century under both CMIP3 and CMIP5 were all statistically different from the historical baseline averages (Table 6) , and the differences in CMIP3 and CMIP5 ensemble averages were not statistically different from each other. For the SN (as well as the UCRB), we found much GCM-to-GCM variation in precipitation and streamflow projections with no agreement on wetter or drier conditions (Table 6 and Figure 5 ).
Overall, the ensemble average projects an annual streamflow increase compared to the historical average for all time periods for the CMIP3 and CMIP5 data sets. In the SN, the difference between the CMIP3 and CMIP5 ensemble average annual streamflow projections for both time periods was not statistically significant.
Snowmelt
Snowmelt is the largest contributor to streamflow for each of these regions and is sensitive to both temperature and precipitation changes. For each region in the WUS, a large portion of the GCM output for both time periods and ensembles projected statistically significant decreases of 20-60% in average annual snowmelt as compared to the historical time period (Table 6 ). For each region, the CMIP5 GCMs projected larger snowmelt volume decreases than the CMIP3 GCMs, which can be tied to warmer surface air temperatures projected under CMIP5.
For the UCRB, the CMIP3 and CMIP5 ensemble snowmelt declines were nearly identical (Table 6 ). Likely, the greater increase in projected precipitation (as compared to the CRB and SN basins) compensates for the higher air temperatures in the CMIP5 scenarios. We suggest that under CMIP5, increased air temperature and increased precipitation at higher elevations may drive a conversion of much of the precipitation to rain rather than snow, leading to more streamflow, but still accumulating similar varied from GCM-to-GCM (Table 6 ), but overall there were larger decreases in snowmelt under CMIP5 than CMIP3 with statistically significant differences. The partitioning of precipitation into rain and snow in important Additionally, the uncertainty (or standard deviation) band in Figure 5 indicates that all CMIP3 and CMIP5 simulations were in agreement with a shift towards earlier streamflow timing. This suggests that for the UCRB with the new CMIP5 projections, the timing is not expected to differ from the CMIP3 projections ( Figure 5 ).
For the CRB, the CMIP3 and CMIP5 ensemble averages showed statistically similar maximum streamflow timing (7) 599 ( It should be noted that for each of the three regions considered, there were large variations between individual GCMs regarding the overall maximum monthly streamflow amount based on the standard deviation bands in Figure 5 , which is to be expected from the variability in precipitation projections. While there were GCM-to-GCM differences in maximum monthly streamflow, the CMIP5 projections led to an average higher maximum monthly streamflow than the CMIP3 projections. This is illustrated in Figure 4 , where the CMIP5 ensemble projects higher precipitation for the For the CRB and SN, the CMIP3 and CMIP5 ensemble averages of maximum monthly streamflow showed no statistical difference from each other for both time periods.
This indicates that CMIP3 maximum monthly streamflow volumes are projected to remain nearly equivalent for the CMIP5 projections. However, it is important to note that there was some GCM-to-GCM variation around the maximum streamflow means, and much more uncertainty for the SN CMIP3 ensemble ( Figure 5 ). We anticipate that the basin-specific results from this work could be useful to WUS water-resources managers for making informed decisions about future water infrastructure planning and management based on studies using both CMIP3 and CMIP5 climate projections. We also suggest that the insights gained about the differences in impacts, as projected by CMIP3 and CMIP5, can be applied to other settings globally, especially arid and semi-arid mid-latitude mountainous regions.
CONCLUSIONS
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